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1. Abstract

Circadian rhythms are physiological and behavioral processes that follow an
approximately 24-h cycle. They arise from internal biological clocks, which are synchronized
mainly by environmental light. Fear-based mental disorders, such as post-traumatic stress
disorder (PTSD), are associated with disruptions in circadian rhythms. Understanding this
relationship is important for developing more effective treatments. In delayed fear conditioning,
the most common form of fear conditioning, the presentation of a tone (conditioned stimulus) is
paired with a foot shock (unconditioned stimulus), causing experimental subjects to associate
tone presentation with shock delivery. In trace fear conditioning, a brief temporal gap occurs
between the tone and foot shock, causing different brain circuits to get engaged. Past work in our
laboratory and others has shown circadian rhythms in the extinction of delayed conditioned fear.
More recent work in our laboratory has shown that the recall of trace conditioned fear similarly
exhibits a rhythm, with recall being stronger during the inactive phase of the rest-activity cycle.
The purpose of this experiment was to test whether stronger recall for trace fear is dependent on
the time of conditioning or the time of recall. Additionally, I analyzed brain tissue to assess
whether rhythms in behavior were reflected in circadian and activity-dependent gene expression
in the prefrontal cortex. Rats were fear conditioned at either ZT4 (the inactive phase) or ZT16
(the active phase) and then underwent fear recall after 24 h (same time of day as training), 36 h
(opposite time of day as training), and 48 h (same time of day as training). Results showed an
interaction between the time of training and the interval between training and testing for trace
fear conditioning. Specifically, ZT4 rats showed strong fear recall at all intervals, whereas ZT16
rats showed increased recall over a greater recall interval. The mRNA expression of Perl, a key

circadian gene, showed opposite results, with the ZT4 expression decreasing over recall intervals
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and ZT16 expression remaining constant. For c-Fos, an immediate early gene whose expression
is used to approximate recent neuronal activation, mRNA expression tended to be higher at ZT16
regardless of the time of training. Notably, however, ZT4-36 h rats showed higher c-Fos
expression than ZT16-36 h rats in the infralimbic but not prelimbic prefrontal cortex, suggesting
differential engagement of the prelimbic cortex during trace fear recall. These results suggest that
learned fear may be consolidated more quickly during the inactive phase, leading to signs of
prefrontal engagement at later recall intervals during the active phase. In turn, these findings
pave the way for circadian assessments, treatments, and prevention for fear-based mental

disorders in clinical settings.

2. Introduction

Fear-related mental disorders pose a significant global public health issue. These
disorders include anxiety disorders, obsessive-compulsive disorder, and stressor- and
trauma-related disorders, such as post-traumatic stress disorder (PTSD) (American Psychiatric
Association, 2013). Together, these disorders affect 32% of all individuals in the United States
(National Institute of Mental Health, 2022). Of people seeking treatment, however, 20-50% do
not experience symptom relief (Rosellini et al., 2018; Davidson, J. R. T., et al., 2014).

Fear-based mental disorders appear to involve disruptions in memory processes. For
example, patients with PTSD recall fear memories more strongly than controls (Orr et al., 2000,
Norrholm et al., 2011). People with PTSD also exhibit memory impairment while learning new
memories that help to overcome an acquired fear (Milad et al., 2009). Relatedly, safety memories

are recalled poorly in people with PTSD (Acheson et al., 2015, Norrholm et al., 2011). For these
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reasons, a detailed understanding of memory mechanisms in fear-based mental disorders may
suggest new strategies for risk assessment, treatment, and prevention.

Disrupted circadian rhythms have been found in people who suffer from fear-based
mental disorders. After trauma exposure, circadian disruption is a fundamental trait of
trauma-related disorders (Agorastos, Olff, 2020). Additionally, many studies have shown that
circadian rhythms are a key regulator of memory processes (Hartsock et al., 2022, Krishnan and
Lyons, 2015, Rawashdeh et al., 2018). Relatedly, patients with fear-based mental disorders often
exhibit disruptions in markers of circadian function, such as alterations in glucocorticoid release
patterns (Dayan et al., 2016). Taken together, these pieces of evidence suggest that it may be
useful to consider circadian rhythms in memory function as a factor in fear-based mental

disorders.

The Circadian System

Circadian rhythms are biological cycles that regulate change throughout the body over a
24-h time period. For example, physiological processes such as hormone secretion, heart rate,
energy homeostasis, metabolism, memory, sleep, and blood pressure all exhibit circadian
rhythms (Bollinger and Schibler 2014). This internal timing system continues to "free-run" in
constant environmental circumstances, such as no fluctuations in constant darkness or
temperature (Saini et al., 2015). The circadian system also makes it possible for all bodily tissues
to coordinate their activity across the day. Circadian control is crucial for allowing various bodily
systems to prepare for daily environmental challenges (Patke, Young, and Axelrod 2020).
Conditions like jet lag or working a night shift disrupt circadian rhythms, causing impaired

function of tissues throughout the body (Boivin and Boudreau 2014). In fact, shift work
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disruption of circadian rhythms can lead to diseases including diabetes, cancer, and
cardiovascular disease (Knutsson, 2003).

Circadian rhythms are generated by cellular timekeepers called molecular clocks (Cox
and Takahashi 2019). These molecular clocks are found in virtually all of the body's cells,
controlling cellular activities in a circadian manner. The molecular clock is a genetic mechanism
made up of so-called clock genes and the proteins that result from them (Figure 1). There are
four core clock genes: brain and muscle arnt-like protein 1 (Bmall), circadian locomotor output
cycles kaput (Clock), cryptochrome (Cryl, Cry2), and period (Perl, Per2, Per3). BMALI1 and
CLOCK proteins first bind to each other and then to DNA E-box sequences found in the
promoters of the Per and Cry genes to initiate transcription of the Per and Cry mRNAs. These
mRNAs are translated into proteins in the cytoplasm, and a multiprotein PER:CRY complex
translocates back into the cell nucleus. The PER and CRY proteins then inhibit the action of the
BMALI1:CLOCK heterodimer, suppressing the transcription of the Cry and Per genes. Once Per
and Cry levels drop through natural degradation processes, CLOCK/BMALI are free to bind
again to the Per and Cry promoters and restart the process. One cycle of the molecular clock
takes about 24 hs to complete. In turn, molecular clock products interact with other cellular

machinery to generate circadian rhythms in cellular function.

_ nucleus ~ _—

Fig 1. Core clock genes transcription and translation throughout the 24 hour cycle in each cell.
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Molecular clocks throughout the body are regulated by a brain region called the
suprachiasmatic nucleus of the hypothalamus (SCN). Periodic environmental light entrains, or
aligns, the expression patterns of clock genes in the SCN with the solar day (Reppert and
Weaver, 2001). Any external or environmental cue that entrains an organism's biological rhythms
is known as a zeitgeber, a German word meaning “time giver.” Light is the primary zeitgeber for
the SCN and circadian rhythms more generally (Pittendrigh and Minis 1964; Daan and
Pittendrigh 1976a; 1976b; Pittendrigh and Daan 1976a; 1976b; 1976c). The SCN receives
information about environmental light conditions from ganglion cells in the retinohypothalamic
tract (Figure 2) that are innately sensitive to blue light (Giiler et al., 2008, Hattar et al., 2002).
The protein melanopsin, which retinal ganglion cells use to directly sense light, allows the SCN
to detect light without the use of rods or cones (Giiler et al., 2008, Hattar et al., 2002). In the
SCN, light information is transformed into chemical signals that reset the SCN's clock gene
expression cycles through the induction of Per gene expression (Reppert & Weaver 2001). This
process keeps the SCN clock on a 24-h cycle that is synchronized with the time of day in the

surrounding environment.

Retinohypothalamic Tract

Suprachiasmatic nucleus

Melanopsin- \
containing retinal
ganglion cells
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Fig 2. The pathway of the Retinohypothalamic Tract to the SCN
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The SCN is the master clock or circadian pacemaker for circadian rhythms in mammals.
In rodents receiving a donor SCN transplant, the recipient's biological rhythms shifted to match
the new master clock (Ralph et al., 1990). Additionally, in studies where the SCN is lesioned,
circadian rhythms throughout the body are disrupted (Saper, 2013). Unexpected exposure to light
at night can advance or delay the timing of a person’s endogenous clock (Evans & Davidson,
2013). For these reasons, the SCN is considered the master clock for circadian rhythms in
mammals.

The SCN uses a bunch of different signals to directly send daily timing information to
molecular clocks in other parts of the body. For example, the hypothalamic-pituitary-adrenal
(HPA) axis is an important neuroendocrine circuit that controls glucocorticoid release. In the
HPA axis, direct signals from the SCN are received by the paraventricular nucleus of the
hypothalamus (PVN), which transmits the signals to the pituitary gland (Jones et al., 2021). The
pituitary gland, in turn, regulates glucocorticoid release by the adrenal gland. Thus, the SCN
generates circadian rhythms in glucocorticoid release (Moore and Eichler, 1972).
Glucocorticoids are thought to relay SCN timing signals to molecular clocks in tissues outside
the SCN (Spencer et al., 2018). Glucocorticoid exposure in tissues outside the SCN (which,
itself, lacks glucocorticoid receptors) drives the expression of the Perl gene, acting as a
mechanism to reset molecular clock timing (So et al., 2009; Conway-Campbell et al., 2010;
Mifsud and Reul, 2016). This occurs through a Per/ glucocorticoid response element (GRE) in
the Perl gene promoter, where cortisol receptors can bind. Notably, however, glucocorticoid

release is also regulated by stress, suggesting a mechanism by which stress may disrupt
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molecular clock function and cellular circadian rhythms (Chun et al., 2018; Mifsud and Reul,
2016; Spencer et al., 2018).

Molecular clocks in cells outside the SCN work together to form tissue-level clocks,
called local clocks. Similar to the master clock, local clocks oscillate on a 24-h timescale
(Hastings et al., 2003). However, local clocks throughout the body continued to function but
were out of sync in a study with lesions to the SCN in rodents, indicating that local clocks are
self-sustaining but ultimately controlled by the master clock in the SCN (Yoo et al., 2004). These
local clocks can be found in nearly every tissue in the body. These local clocks are important in
various brain regions, such as the amygdala, hippocampus, and prefrontal cortex, where they
generate circadian rhythms in neuroplasticity and memory-related behavior (Hartsock et al.,
2022, Krishnan and Lyons 2015, Rawashdeh et al., 2018). In our work, we are particularly

interested in understanding local clocks in relation to learning and memory.

Fear-Related Memory and the Prefrontal Cortex

A common paradigm for examining the biological foundations of memory is Pavlovian
fear conditioning. This is referred to as Pavlovian fear conditioning because of Ivan P. Pavlov’s
psychological concept of classical conditioning (Pavlov, 1927). Classical conditioning is the
practice of training a subject to respond to an unconditioned stimulus by using a conditioned
stimulus (i.e. a dog salivates when a bell is rung, thinking it will receive food even when food is
not present) (Rehman et al., 2022). In the most common behavioral procedure for fear memory,
called delayed fear conditioning, a rat is placed in a behavior box, or context, and presented with
a neutral cue (the conditioned stimulus, often a tone) that is paired with an innately aversive

stimulus (the unconditioned stimulus, often a foot shock) (Davis, 1992; LeDoux, 2000; Maren,
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2001). Notably, in delayed fear conditioning, the onset of the tone precedes the delivery of the
shock, but the tone is still present when the shock is given. Through pairings of the tone with the
shock, the rat learns that the tone predicts the shock. When in danger, rats exhibit defensive
behaviors such as freezing, much like a deer in headlights. Shock can automatically cause
freezing behavior (unconditioned response), while tone can do the same only after being paired
with the shock (conditioned response).

If the same rat is placed in a different context, it will freeze again if the tone is played.
Freezing in response to the tone is often used as a measure of fear memory recall. After the tone
is played multiple times by itself, however, the rat develops a new memory that the tone is no
longer anything to be afraid of, at least in this new context. At this point, the fear response is
extinguished, and we measure this through reductions in freezing behavior (Bouton, 2000, 2002;
Hermans et al., 2006; Maren et al., 2013; Vervliet et al., 2013; Goode and Maren, 2014). Rather
than erasing the preexisting fear memory, the brain engages new pathways that learn to no longer
fear the stimulus (Maren and Chang, 2006; Myers et al., 2007; Maren, 2014). For these reasons,
we call this learning process conditioned fear extinction, and the resulting memory is called an
extinction memory, which can be tested in a later session by presentation of just the tone again.

There are many brain regions involved in delayed conditioned fear and extinction, most
notably the amygdala, hippocampus, and prefrontal cortex (Orsini & Maren, 2012, Giustino &
Maren, 2015). The amygdala supports fear learning and recall (Nitecka and Ben-Ari, 1987;
McDonald and Augustine, 1993; Paré and Smith, 1993; Royer et al., 1999; Lee et al., 2013;
Duvarci and Pare, 2014). The hippocampus plays a significant part in the fear circuit, given its
function in encoding spatial and contextual information (Selden et al., 1991; Kim and Fanselow,

1992; Phillips and Ledoux, 1992). There are two main divisions of the prefrontal cortex in rats
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that play important functions in the fear circuit. The prelimbic cortex (PL) is thought to promote
fear memory expression, whereas the infralimbic cortex (IL) is thought to promote fear memory
suppression (Quirk and Beer, 2006; Sotres-Bayon and Quirk, 2010; Milad and Quirk, 2012; Riga
etal., 2014).

There is another fear memory paradigm called trace conditioned fear. Trace conditioned
fear is similar to delayed conditioned fear, but trace conditioned fear has a short time interval
between when the tone ends and the shock is delivered. With this one small change in the
paradigm, the prefrontal cortex is engaged differently. In the delayed fear conditioning paradigm,
the prefrontal cortex (particularly the IL) appears to be of special importance for recalling
extinction memories. But in trace fear conditioning, the prefrontal cortex is thought to be of
equal importance for recall of conditioned fear memories. For example, prefrontal cortex neurons
become activated during the time interval between the tone and the shock (Kwapis et al., 2014).
This is thought to help create memories associated with fear expression (Gilmartin et al., 2014).
But compared to delayed conditioned fear and extinction, the neuroanatomy of trace conditioned

fear and extinction have not yet been well studied.

Circadian Rhythms in Fear Memory

Our laboratory has characterized clock gene expression cycles in the prefrontal cortex,
revealing that the prefrontal cortex contains a robust local clock (Chun et. al, 2015). As noted
above, the part of the delayed fear paradigm that depends most on the prefrontal cortex is
extinction recall (Gonzalez & Fanselow 2020). Extinction recall exhibits a circadian rhythm in
rodents and humans, and extinction recall tends to be best during the active phase (Chaudhury et

al., 2002, Woodruff et. al, 2015, Woodruff et al., 2018, Pace-Schott et al., 2013, Hartsock et al.,
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2022). Importantly, this rhythm is abolished by disrupting clock gene expression in the prefrontal
cortex (Woodruff et al., 2018). These findings suggest that a local clock in the prefrontal cortex
contributes to circadian rhythms in delayed conditioned fear extinction. For this reason, our
laboratory is investigating whether other prefrontal cortex-controlled brain processes may also
display circadian rhythms.

Recent work in our laboratory has shown that rats exhibit a time-of-day difference in both
trace fear learning and trace fear recall. Rats learning trace fear during their inactive phase show
a larger percentage of time spent freezing (unpublished observations, Fausnaught, 2021).
Similarly, rats freeze more when undergoing trace fear recall during the inactive phase
(unpublished observations, Fausnaught, 2021). This raises the question of whether time-of-day
differences in trace fear recall depend on the time of day of learning or the time of day of recall.
In order to find out, our laboratory has previously carried out another experiment in which rats
were trace fear conditioned in either the inactive or active phase. Trace fear was then recalled by
these rats 24 hs, 36 hs, or 48 hs following the training session. Rats trained during the inactive
phase exhibited higher freezing 24 hs after learning compared to rats trained during the active
phase; however, 36 and 48 hs after learning, there was no discernible difference in percent
freezing. To investigate this finding more deeply, I sought to understand prefrontal cortex
mechanisms underlying these behavioral responses.

Immediate early genes are genes whose transcription is activated by neural activity. For
example, c-Fos is an immediate early gene with expression that correlates with neuronal activity
(Kovécs, 2008). Upon neuronal stimulation, multiple intracellular pathways converge upon
response elements in the c-Fos promoter. In the absence of stimulation, however, c-Fos rapidly

decays. For this reason, c-Fos is often used as a correlate of neuronal activation. Interestingly,
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the clock gene Per! is often expressed in the prefrontal cortex in patterns similar to c-Fos (Chun
et al., 2018), potentially because of similar response elements that are found in the promoter of
the Perl gene (Yamamoto et al., 2005).

For these reasons, I hypothesized that prefrontal cortex Perl and c-Fos levels might vary
with freezing behavior during trace fear recall, with Per/ and c-Fos mRNA levels being the
highest for rats trained at ZT4. I think this because higher freezing behavior might require
increased neuronal activity to support it. In my project, I examined brain tissue from rats in the
experiment described above. I specifically measured c-Fos and Perl expression in the prefrontal
cortex after trace conditioned fear recall occuring 24, 36, and 48 hs after trace fear conditioning.
I found that the story was more complex, with neither c-Fos nor Per] mRNA expression patterns
mirroring freezing. Instead, my data showed signs of prefrontal engagement at later recall

intervals during the active phase.

3. Materials and Methods

The behavioral experiment and all rodent work were performed by a previous
Honors student in the Spencer Laboratory (Fausnaught, 2021). Here, I provide details of
the experiment for the sake of completeness. My work for this thesis project began with the
slicing of brain tissue, and I have also completed additional behavioral analyses to present

alongside my mechanistic brain measurement findings.

3.1 Animals
The rats used in this experiment were adult male Sprague-Dawley rats from Envigo

Laboratories (Indianapolis, IN). They were housed in pairs in polycarbonate tubs measuring 47
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cm x 23 cm x 20 cm (Allentown Caging Equipment Company, Allentown, NJ). All of the rats
were provided unlimited access to food (Tekland Rodent Diet 8640; Harlan) and water during all
tests. After arriving, the rats were housed in separate rooms and acclimated to the proper 12:12 h
light:dark cycles. All of the behavioral tests were performed at either zeitgeber time (ZT) ZT4
(four hs after light onset) or ZT16 (four hs after light offset). The ZT4 tests were performed
under white light, and the ZT16 tests were performed under dim red light. All of the rats were
transferred from their housing room to the testing room in their home cages, which were
wrapped in black plastic bags (Hefty 55g bags; Reynolds Consumer Products, Inc.; Lake Forest,
IL) to block out light and keep transportation conditions constant. All procedures were carried
out in compliance with the ethical treatment of animals under the approval of the Institutional

Animal Care and Use Committee at the University of Colorado.

3.2 Experimental Procedure

The purpose of this experiment was to determine if rats who underwent trace fear
conditioning had better recall depending on the time of learning or the time of recall. To test this,
36 rats were split into 6 different treatment groups (n=6, N=36). Rats were trace fear conditioned
at either ZT4 or ZT16 and then tested for trace fear recall at 24, 36, or 48 hs. Thus, the six
different treatment groups for this experiment were as follows 1) rats conditioned at ZT4 and
tested 24 hs later at ZT4, 2) rats conditioned at ZT4 and tested 36 hs later at ZT16, 3) rats
conditioned at ZT4 and tested 48 hs later at ZT4, 4) rats conditioned at ZT16 and tested 24 hs
later at ZT16, 5) rats conditioned at ZT16 and tested 36 hs later at ZT4, and 6) rats conditioned at
ZT16 and tested 48 hs later at ZT16. The 24-h and 48-h groups recalled trace fear during the

same phase in which they were trained, whereas the 36-h group recalled trace fear in the opposite
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phase. The experiment was designed this way to test if time-of-day differences in the recall of
trace conditioned fear depend on the time of day of learning (reflecting rhythms in memory
consolidation processes) or the time of day of recall (reflecting rhythms in memory retrieval
processes). Additionally, the 48-h groups were added to make sure that any differences between
rats tested after 36 h and those tested after 24 h were likely caused by the time of day the rats
were assessed rather than the amount of time that passed between training and testing.

Trace fear conditioning took place in Context A. Context A was a rectangular box with
two stainless steel walls and two plexiglass walls ( St Albans, VT). A current generator (Med
Associates Inc.; ENV-4148S; St Albans, VT) and speakers (Med Associates Inc.; ENV-025F; St
Albans, VT) were mounted on top of the boxes to create the tone, and the floor was made of
stainless steel bars. Percent time spent freezing, rather than being recorded manually, was scored
through automation (VideoFreeze Software version 3.0.0.0, Med Associates Inc.; SOF-843). To
establish a baseline for freezing behavior, the rats were kept in Context A for five minutes before
tone-shock pairings occurred. The speakers played a 15-second tone (3kHz at 80dB) following
the baseline period. For ten seconds after the tone, no tone was played, and no shock was
delivered. Following those ten seconds, a 1-second, 0.8mA foot-shock was delivered to complete
the trial. The ten seconds between the tone and shock is referred to as the “trace” period because,
after the first tone-shock pairing, rats must remember a memory “trace” of the tone-shock
association during this time. All experimental groups underwent 6 trials in total, each separated
by an intertrial interval of 240 seconds.

The rats were placed in a different context, Context B, for conditioned fear recall either
24, 36, or 48 hs later. Context B was the same box as in Context A, but with a curved plexiglass

wall lining the interior and a smooth plexiglass floor covering the shock grid. The box was
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scented with peppermint oil. Three minutes of baseline data were collected during this fear recall
session. Then 3 tones were played, each followed by a ten-second trace interval and a
240-second intertrial interval. No shock was delivered. Here, only three trials were given, since
fear recall was designed to measure memory of conditioned fear from the previous session (and

not to induce extinction memory, as described in the introductory section of this thesis).

3.3 Tissue Preparation

Following trace fear recall, rats were sacrificed using rapid decapitation. The brains were
immediately removed, frozen over dry ice, and then stored at a temperature of -70°C in an
ultra-low freezer. Using a CM 1850 cryostat (Leica, Buffalo Grove, IL), brain sections were
coronally cut at a thickness of 12 um. Comparisons with a Rat Brain Atlas were used to
determine the proper orientation of the brain sections and the structural landmarks for the
prefrontal cortex collection (Paxinos and Watson, 2013). The brain slices were collected using a
standard thaw-mounting technique on Superfrost Plus glass slides (Fisher Scientific, Hampton,

NH) and stored at -70°C.

3.4 In Situ Hybridization

These slides were then put through a radioactive in situ hybridization procedure to gather
quantitative Per/ mRNA levels in the prefrontal cortex. The following steps were followed from
a protocol previously used in the lab (Girotti, Weinberg, & Spencer, 2009). This procedure uses a
single-stranded mRNA probe that is attached to a radioactive isotope, S35, to label the target
mRNA. In our case, we used a single-stranded Per/ DNA template to build a radioactive RNA

probe against Per/ mRNA, which we then used to label Per/ mRNA in our prefrontal cortex
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tissue. This enabled us to quantify Per/ mRNA expression in the prefrontal cortex following
trace fear recall. After the slides were gradually dehydrated with increasing concentrations of
ethanol, the probe was reverse pipetted onto coverslips, to which the slides were applied. The
complementary radioactive probe could then bind specifically to the Per/ mRNA in the tissue.
The slides were left to incubate at 54°C overnight to promote hybridization. After this overnight
incubation, the slides were put through a 1 h wash at 37°C that used an RNase digestive enzyme
to degrade any excess unbound probe. After multiple washes in saline sodium citrate and an
incubation at 65°C to degrade the RNase, the slides were again dehydrated in increasing
concentrations of ethanol and exposed to a Biomax MR Film (Carestream Health, Rochester,
NY) in light-proof FBXC autoradiography cassettes (Fisher Scientific, Hampton, NH). The
X-ray film detects signals from the radioactive labeled mRNA, which provides quantitative data
regarding the expression and location of Per/ mRNA in the tissue.

After five weeks, the films were developed using a SRX-101A Mini-Medical Film
Developer (Konica Minolta Medical & Graphic Incorporated, Wayne, JN). The films were
imaged through the use of a Northern Light B96 lightbox (Imaging Resources Incorporated,
Albany, OR) and a XS-ST70 CCD camera (Sony, New York City, NY) with a 7000 zoom lens
(Navitar, Rochester, NY). The pictures were converted to digital format and saved using Scion
Image software version 34.0.2 (Scion Corporation, Frederick, MD).

We measured the four darkest sections from each set of prefrontal cortex slides.
Densitometry analysis was then performed, and the analyst was blinded to the treatment groups.
We used the Rat Brain in Stereotaxic Coordinates (Paxinos & Watson, 2007) to determine the
boundaries of various parts of the prefrontal cortex: the infralimbic prefrontal cortex (IL),

cingulate cortex (CQG), ventral orbital prefrontal cortex (VO), and prelimbic prefrontal cortex
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(PL). We then used ImageJ software version 4 (National Institutes of Health, Bethesda, MD) to
measure the optical density in each of our regions of interest. Using Excel, the optical density
means and standard errors for all of the treatment groups were calculated, and additional

analyses were run in Prism version 9.1.1 (GraphPad Software, San Diego, CA).

24 h recall interval 36 h recall interval 48 h recall interval

- o .

Fig 3. Radioactive in situ hybridization film images from the PFC

To analyze the mRNA levels of both Per/ and c-Fos, additional thaw-mounted slides
were run through a different process called fluorescent in situ hybridization (FISH). FISH is a
technique used to visualize specific RNA or DNA sequences within a cell or tissue sample. FISH
is useful for estimating the qualitative amount of expression of Per/ and c-Fos mRNA, enabling
us to count cells in which Perl and/or c-Fos mRNA were present. Per/ and c-Fos were both

being labeled in this procedure; hence, it is referred to as a double-labeled FISH.
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The double-labeled FISH used for this experiment followed a defined protocol that is
referenced for the following section. This protocol was used concurrently with the TSA
Fluorescence Systems Kit from NEN Life Sciences (Fremont,CA). Day one of FISH began with
making mRNA riboprobes for both Per/ and c-Fos using Digoxigenin-UTP and
Fluorescein-UTP, respectively. Creating these probes followed the same basic procedure for
radioactive in situ hybridization. Following, the probes were reverse pipetted onto the coverslips
(VWR, Radnor, PA), and the slides were left to incubate at 37°C overnight. The following day,
the slides' coverslips were floated off in saline sodium citrate solution and then incubated in
RNase for 1 h at 37°C. As above, slides were then washed with saline sodium citrate and
incubated for an h at 65°C to degrade the RNase. Afterwards, the slides were cooled to room
temperature, rinsed in saline sodium citrate, and transferred to coplin jars containing 0.05 M
Phosphate Buffered Saline (PBS) overnight. The next day the slides were prepared with a
blocking buffer and each unique (Per! or c-Fos mRNA) anti-hapten horseradish peroxidase
(HRP). An anti-hapten HRP is an HRP-conjugated antibody that binds to the hapten-labeled
probe (digoxigenin or fluorescein). HRP is an enzyme used to “tag” the mRNA with the
fluorophore-labeled amplification reagent. These steps are important to catalyze the deposition of
the fluorophore. Once slides were incubated with both anti-dig and anti-fluorscein HRP
conjugated antibodies followed by the incubation with the TSA tyramide reagents, the slides
were fluorescently tagged and ready for the final coverslip to be looked at under the microscope.
The slides were imaged using a Zeiss AXIO Imager M1 microscope (Wetzlar, Germany) at 10x
magnification (Figure 4) . FISH Perl data were excluded from further analysis due to high

constitutive mRNA labeling that limited the utility of a cell count strategy. Cells positive for
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c-Fos mRNA (Figure 5) were then counted using QuPath software version (0.3.2) and analyzed

in Excel and Prism.
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Fig 5. Fluorescent in situ hybridization showing c-Fos
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3.5 Statistical Analysis

Statistical analysis was performed using two-way analysis of variance (ANOVA), which
is a statistical technique used to compare the means of multiple groups. We tested two
independent factors, training ZT and fear recall interval, as well as their interaction. We used
Fisher’s Least Significant Difference post hoc tests for multiple comparisons. Results were
considered significant when there was a p-value less than 0.05. Graphs depict treatment group

means and standard error of the means.

4. Results
4.1 Behavior

To examine freezing behavior between treatment groups, rats were autonomically scored
for percent time freezing during trace fear recall. Results showed no main effects or significant
interactions between training ZT and recall interval during the baseline period of the recall
session (Fig. 6). During tone presentation, rats in all groups froze more, and there was a
significant interaction between ZT and recall interval (F, ;) = 5.050, p < 0.05), such that rats
trained at ZT16 froze less than rats trained at ZT4 during the 24 h fear recall session but showed
increased freezing from 24 h to 48 h (Fig. 7). Freezing behavior during the trace period showed a
main effect of training ZT (F (4, 35 = 10.08, p < 0.01), again with ZT16 rats freezing less,
especially at the 24 h recall interval (Fig. 8). During the intertrial interval, there was a significant
main effect of training ZT (F (4,3, = 11.11, p < 0.01), with ZT16 rats freezing less overall (Fig.
9). Notably, however, post hoc tests showed reduced freezing in ZT16 rats tested also at 48 h,

which was not seen in any of the other behavioral graphs.
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Fig. 6 This graph shows the average percent
freezing across all three testing intervals
during the baseline period of the fear recall
session. Rats in all treatment groups showed
low levels of freezing during the baseline
portion of the behavioral experiment. There
were no main effects or significant
interactions.
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Fig. 8 Rats in all groups continued to freeze
during the trace portion of the behavioral
experiment. This is the “trace” interval,
when the tone stops playing but the shock
has not yet been delivered. There is a main
effect of ZT (F (1, 30 = 10.08, p < 0.01), with
ZT4 freezing being higher than ZT16
freezing overall. Posthoc test showed that
this is driven in part by significantly lower
freezing in ZT16 rats at 24 h.
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Fear Recall: Tone
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Fig. 7 Rats in all groups froze when the
tone came on during trace fear recall.
There was a significant interaction
between the training ZT and recall
interval (F(z‘gn) = 5.050, p< 0.05). This
was evident in reduced freezing at
ZT16 compared to ZT4 at 24 h and an
increase in freezing in ZT16 rats across
recall intervals.

Fear Recall: Intertrial Interval
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Fig. 9 Rats in all groups continued to
freeze in the interval between each trial.
There is a main effect of ZT (F (y, 39 =
11.11, p < 0.01), and posthoc tests
showed reduced freezing in ZT16 rats
tested at 24 h and 48 h.
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4.2 Perl mRNA Expression in the Prefrontal Cortex

To assess time-of-day differences in Per/ mRNA expression in the prefrontal cortex,
radioactive in situ hybridization was used. There were no significant interactions or main effects
in the CG or PL (Fig. 10, Fig. 11). However, there was a significant main effect of recall interval
in the IL (F 5, 30 = 3.321, p <0.05) (Fig. 12) and a significant interaction between training ZT
and recall interval in the VO (F (35, = 3.321, p < 0.05). Notably, there were also trending
interactions in the CG (F (3, 39) = 3.262, p = 0.052), IL (F (5,39, = 2.809, p = 0.076), and PL (F ;, 3,
=2.968, p = 0.067), suggesting a similar pattern of Per/ expression across prefrontal cortex
subdivisions. Post hoc tests revealed that Per/ mRNA expression declined by the 48-h recall
interval in ZT4 rats, whereas Perl expression remained fairly constant at all recall intervals in
ZT16 rats. Thus, at the 48 h test interval, ZT4 rats consistently showed reduced Per/ expression
compared to ZT16 rats, although this effect was significant in post hoc testing only in the VO

(Fig. 13).
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Fig. 10 In the CG region of the PFC, there
was a trending interaction between training
ZT and recall interval (F (5, 30 = 3.262, p >
0.05). Unprotected posthoc tests showed a
significant decrease in Per] expression
between ZT4 rats tested at 24 h versus 48 h,
mirroring a significant decrease in Per/
expression between ZT4 rats tested at 36 h
versus 48 h.

Per1 mRNA Expression in IL

0.25

*
*k
B ZT4
0.20 | B ZT16

0.15

0.10

Optical Density
(arbitrary units)

0.05

0.00
24h 36h 48h
Interval Before Fear Recall

Fig. 12 In the IL PFC brain region, there is a
main effect of recall interval (F (, 3, =
3.321, p < 0.05). Posthoc tests showed that
this effect was driven by a significant
reduction in Perl expression in ZT4 rats
from 24 h to 36 h (p < 0.01), and from 24 to
48 h (p < 0.05).
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Fig. 11 In the PL PFC brain region,
there was a trending interaction
between training ZT and recall interval
(F (2, 30y = 2.968, p > 0.05). According
to unprotected posthoc tests, there is a
significant decrease in Per/ expression
between ZT4 rats tested at 24 h versus
48 h, reflecting a significant decrease in
Per] expression between ZT4 rats
tested at 36 h versus 48 h.
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Fig. 13 In the VO region of the PFC,
there is a significant interaction
between training ZT and recall interval
(F (2,30 =3.704, p < 0.05). There is a
significant reduction in Perl expression
in ZT4 rats tested at 24 h versus 36 h
and 24 h versus 48 h. Additionally, ZT4
rats exhibited reduced Per! expression
compared to ZT16 rats at 48 h.
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4.3 c-Fos mRNA Expression in the Prefrontal Cortex

Results from the fluorescent in situ hybridization for c-Fos mRNA showed time of
training day differences as well as some differences between the PL (Fig. 14) and IL (Fig. 15) in
the pattern of the interaction between training ZT and recall interval. There was a significant
interaction between training ZT and recall interval in both the PL (F 5, 55, = 8.914, p < 0.01) and
IL (F 3,29 = 11.18, p < 0.001). Whereas rats in the ZT4-24 h and ZT4-48 h groups showed
similar c-Fos mRNA expression, rats in the ZT4-36 h group showed much higher c-Fos mRNA
expression. Oppositely, rats in the ZT16-24 h and ZT16-48 h groups showed significantly higher
c-Fos mRNA expression compared to rats in the ZT16-36 h group (although this post hoc result
was not significant when comparing ZT16-24 h and ZT16-36 h groups in the PL). Notably,

however, in the IL, there was a significant difference between ZT4 and ZT16 rats during the 36 h

recall interval, whereas there was not a significant difference at 36 h in the PL.
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Fig. 14 In the PL region of the PFC,
for c-Fos mRNA expression, there is a
significant interaction between training
ZT and recall interval (F 3, 59, = 8.914,
p < 0.01). Posthoc tests revealed
significantly greater c-Fos expression
at ZT16 at 24 h and 48 h. Notably,
there is no significant difference
between ZT4 and ZT16 at 36 h. Rats
trained at ZT4 showed greater ¢-Fos
expression at36 hthan 24 hor48h,
whereas rats trained at ZT16 showed
lesser c-Fos expression at 36 h than 48
h.
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Fig. 15 In the IL region of the PFC, there is a significant
interaction between training ZT and recall interval (F (,,
19y = 11.18, p < 0.001). All rats that underwent fear recall
at ZT16, including rats that were trained at ZT4, showed
increased IL ¢-Fos expression compared to rats that
underwent fear recall at ZT4. Posthoc tests revealed
testing at ZT16 drove higher c-Fos expression than rats
tested at ZT4 during the 24 h, 36 h, and 48 h recall
interval. These tests showed that the ZT4-24 h and ZT4-
48 h groups showed less ¢-Fos expression than the ZT16-
24 h and ZT16-48 h groups, whereas the ZT4-36 h group
showed more ¢-Fos expression than the ZT16-36 h
group. In addition, the ZT 16-36 h group showed less c-
Fos expression than the ZT16-24 h and ZT16-48 h
groups, and the ZT4 rats showed the opposite pattern.
There is a significant difference between every ZT
training its corresponding recall interval.
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5. Discussion

My hypothesis for this experiment was that time-of-day differences in freezing behavior
would be mirrored by Perl and c-Fos mRNA expression in the prefrontal cortex, particularly in
the IL and PL, which are critical for fear-related learning and memory in delayed fear
conditioning. Our results did not support this hypothesis for either gene. In both cases, we saw
interactions between training ZT and recall interval, and these patterns differed from behavior
and from each other.

Trace fear conditioning is not well understood, so all data from this experiment are
important for understanding the process and underlying brain circuitry. Prior to this project,
circadian rhythms in fear-related memory and mechanisms were only understood for delayed
fear conditioning (Chaudhury and Cowell, 2002; Pace-Schott et al., 2013; Woodruff et al., 2015;
Woodruff et al, 2018; Hartsock and Spencer, 2022). Here, we found a clear time-of-day
difference for fear recall in the trace fear paradigm. The baseline behavior does not support a
time-of-day difference in baseline fear, which suggests that any time-of-day differences have to
do with the tone-shock association. The tone, trace, and intertrial interval all show significant
time-of-day differences. During the tone, ZT4 rats seem to be freezing more than ZT16 rats at
the 24 h recall interval, but over time this effect seems to go away, with no time-of-day
differences being seen at 36 and 48 h. For both the tone and trace intervals, ZT4 freezing started
high and remained high across all recall intervals, whereas ZT16 freezing started low and
increased across recall intervals. During the intertrial interval, there was a different pattern
compared to the tone and trace intervals, that being that ZT16 rats exhibited low freezing at not
only 24 h but also 48 h. Notably, this does not happen for ZT4-36 h rats. These findings suggest

two things. First, trace fear recall during the tone and trace depends on both the time of training
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and the recall interval. Second, trace fear recall during the intertrial interval depends on the time
of learning and the time of recall.

To explain the first finding, consider that the ZT16 trace fear memory gets stronger over
time, consistent with the possibility that the fear memory may take longer to consolidate if
learned at ZT16. During a rat's inactive phase, trace fear conditioning may have more of an effect
because the rat is less alert and active. The initial shock may be more startling for a ZT4 than
ZT16 rat. Whereas the ZT4 rat should be sleeping, the ZT16 rat is more awake and, likely,
coherent. In general, this may explain why fear learning is better in the inactive phase during the
tone and trace. Another possibility that explains why ZT16 rats freeze less could be that all the
activity occurring within a rat's active phase competes with freezing behavior, causing rats to
freeze less. To explain the second finding, we suggest that ZT16 rats are better able than ZT4 rats
to distinguish the difference between the tone and trace compared to the intertrial interval.
During the tone and trace, rats at both ZT4 and ZT16 should assume the shock is coming. In
other words, they should recognize the tone and trace as predictive of danger. On the other hand,
the intertrial interval should be recognized as a period of safety, with shock not being imminent.
It appears that, regardless of the time of training, rats cannot distinguish the intertrial interval as
safe if tested at ZT4. But, rats trained at ZT16 (and not ZT4) can still distinguish the intertrial
interval as safe when tested at ZT16, as seen by less freezing in ZT16 rats at the 24 h and 48 h
recall intervals.

The purpose of measuring Per/ mRNA levels in the prefrontal cortex was to see if there
was a time-of-day difference in trace fear recall-induced Per/ at different recall intervals. Perl
mRNA basal transcription is regulated by BMALT until it reaches a peak level that then through

PER1 feedback inhibition of BMALI inhibits Per/ transcription. This peak occurs in prefrontal
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cortex local clocks during the early active phase (Chun et al., 2018), which in rats includes ZT16.
Although we had a significant interaction between training ZT and recall interval only in the VO,
a similar trend was present for Per/ mRNA expression across all prefrontal cortex regions. There
was high Perl expression in ZT4-24 h and ZT4-36 h rats, but ZT4-48 h rats showed a decrease
in Perl mRNA expression compared to the other ZT4 recall intervals. On the contrary, ZT16 rats
showed high Per/ mRNA expression in all brain regions across all recall intervals. Normally,
Perl mRNA expression in the prefrontal cortex would be lowest around ZT4 and highest around
ZT16. Our data show this not to be true after trace fear recall at 24 h (when ZT4 Perl was high
during testing at ZT4) and 36 h (when ZT16 Perl was high during testing at ZT4). Given that
Perl acts like an immediate early gene in the prefrontal cortex (Chun et al., 2018), we expected
that fear recall might induce Per/ mRNA expression. It is possible that prefrontal activation
occurs only during the consolidation phase of the memory process. Thus, the ZT4-24 h rats and
ZT16-36 h rats might have had heightened Per/ mRNA expression due to the memory still being
consolidated. Relatedly, the decrease in Per/ mRNA expression for ZT4-48 h rats could be due
to the fear memory being as consolidated as needed for fear learning, and therefore no need to
drive prefrontal cortex immediate early gene expression for ZT4-48 h rats because the memory is
done consolidating, showing a decrease in Per/ mRNA expression. Our data cannot say whether
ZT16 Perl mRNA expression would continue to be high after the 48 h recall interval, since we
did not test later recall intervals. Additionally, the ZT16 trace fear memory appears to be
consolidated by the 48 h recall interval. Therefore, our data cannot tell us much about differences
in Perl induction between our ZT4 and ZT16 groups. All we can conclude is that Per/

expression was elevated above likely basal levels (as evidenced by low Perl in ZT4 rats at 48 h)
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after our ZT4 rats underwent trace fear recall at 24 h and after our ZT16 rats underwent trace fear
recall at 36 h.

The results from the c-Fos mRNA cell counts show that the PL and IL both had
significant interactions between training ZT and recall interval. Notably, this was because c-Fos
mRNA expression was highest in rats tested at ZT16 regardless of the time of training. However,
in the IL, there was a significant difference in c-Fos mRNA expression between ZT4 and ZT16

during the 36-h recall interval, whereas in the PL there was not a significant difference. Previous

work has shown circadian rhythms in c-Fos expression in the brain (Cirelli et al., 2004; Baltazar
et al., 2013). Our results seem to support that this rhythm is present in the rat prefrontal cortex,
given the clear time-of-day difference in c-Fos expression in the IL, regardless of training ZT.
Given that IL neurons are thought to be involved in the recall of delayed fear extinction, it is
plausible that, because the rats in our experiment never learned to extinguish fear, presentations
of the tone never activated the IL. On the other hand, the PL is known to be activated during
delayed fear recall. Our results suggest that trace fear recall can also activate the PL, but only
above basal levels in rats trained at ZT16 but tested at ZT4 (ZT16-36 h group). As the majority
of prefrontal cortex neurons are excitatory, the glutamate pyramidal neurons that project to the
amygdala are probably the source of the abundance of ¢-Fos in prefrontal cortex regions. Our
c-Fos mRNA results suggest that some sort of prefrontal cortex-dependent emotional learning
circuitry could be involved specifically within the PL during trace fear recall.

The behavior results indicate a consistently higher percent freezing for rats trained at
ZT4. This behavior presents something of a paradox because it is the opposite of what the c-Fos
data presents in both the IL and PL regions of the prefrontal cortex. Not every cell actively

expresses c-Fos, making it a very interesting gene. c-Fos essentially has no basal expression but
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is induced (c-Fos mRNA) minutes after there is a surge in activity above and beyond the regular
neuronal firing rate (Cruz et al., 2015). Thus, c-Fos levels can show an important change in
expression. When c-Fos is induced, it changes the neuroplasticity of the neuron, such that the
neuron transitions into a state where it can engage in better neuroplasticity (Hogan et al., 2020).
Thus, increased PL c-Fos expression in ZT16 rats tested at ZT4 (ZT16-36 h group) may reflect a
prolonged need for these neurons to engage in neuroplasticity. This would align well with our
behavioral data in suggesting that the ZT16 rats continue to consolidate the trace fear memory
after ZT4 rats have already done so.

Taken together, these findings suggest that Per/ and c-Fos showed similar expression
patterns, with rats that recalled fear at ZT16 tending to have higher mRNA expression in the
prefrontal cortex. While this experiment focused on trace fear recall without trace fear extinction,
a future study to further understand trace fear learning and memory could be with the same basic
design but with rats that are put through trace fear extinction learning and recall. Afterwards, the
prefrontal cortex, specifically the IL and PL, could be analyzed for Per/ and c-Fos mRNA
expression to see how they differ from this experiment. We would hypothesize that Per/
expression might look similar to what we have seen here, given the similarities we found across
prefrontal cortex subdivisions, but we think that c-Fos expression patterns in the IL and PL
might be reversed. Additionally, to determine if memory consolidation is responsible for the
decrease in Perl for ZT4 rats, this experiment could be run again for only ZT4 trained rats with
an additional ZT4-72 h group, and we would expect that this 72 h group would continue to show
low levels of Perl expression.

Fear conditioning is a fundamental process in the study of learning and memory and is

also relevant to our understanding of fear-based mental disorders. The results of this study are
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significant because they reveal a previously unknown time-of-day difference in the recall of trace
conditioned fear. Notably, this time-of-day difference does not parallel Per/ or c-Fos mRNA
expression in the prefrontal cortex. Clinically, understanding these emotional learning circuits
could help to understand impairments in different forms of learning and memory in fear-based
mental disorders. Studying trace fear conditioning can provide insights into the underlying
mechanisms of these disorders and aid in the development of more effective assessments,

treatments, and prevention, with a focus on circadian rhythms.
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